Measurement of volume flow rates in major cerebral vessels can be used to evaluate the hemodynamic effects of cerebrovascular disease. However, both age and vascular anatomy can affect flow rates independent of disease. We prospectively evaluated 325 healthy adult volunteers using phase contrast quantitative magnetic resonance angiography to characterize these effects on cerebral vessel flow rates and establish clinically useful normative reference values. Flows were measured in the major intracranial and extracranial vessels. The cohort ranged from 18 to 84 years old, with 157 (48%) females. All individual vessel flows and total cerebral blood flow (TCBF) declined with age, at 2.6 mL/minute per year for TCBF. Basilar artery (BA) flow was significantly decreased in individuals with one or both fetal posterior cerebral arteries (PCAs). Internal carotid artery flows were significantly higher with a fetal PCA and decreased with a hypoplastic anterior cerebral artery. Indexing vessel flows to TCBF neutralized the age effect, but anatomic variations continued to impact indexed flow in the BA and internal carotid artery. Variability in normative flow ranges were reduced in distal vessels and by examining regional flows. Cerebral vessel flows are affected by age and cerebrovascular anatomy, which has important implications for interpretation of flows in the disease state.
INTRODUCTION
Evaluation of blood flow is an important component of assessing patients with cerebrovascular disease. Cerebral blood flow (CBF) can be assessed with imaging techniques, which focus on evaluating regional CBF at the tissue level using modalities such as single positron emission tomography, xenon computed tomography, positron emission tomography, and computed tomography-or magnetic resonance (MR)-based perfusion imaging. 1 Alternatively, CBF can also be evaluated by examining the volume flow (in mL/minute) within the individual cerebral vessels supplying the brain tissue, using phase contrast quantitative magnetic resonance angiography (QMRA). Such flow rates have been used to assess a variety of cerebrovascular conditions including steno-occlusive diseases of the anterior and posterior circulation, 2 and the effects of interventions such as carotid endarterectomy, bypass surgery, and angioplasty/stenting. [3] [4] [5] [6] [7] Reference values for the primary feeder vessels of the intracranial circulation, namely the basilar artery (BA) and internal carotid arteries (ICAs) have been previously reported, 8 but have not been reported for the primary vessels distal to the Circle of Willis. Furthermore, although variability in proximal vessel flows have been previously reported with respect to age and anatomic variations in the Circle of Willis, 9,10 these factors have not been assessed in a large cohort of healthy individuals spanning clinically relevant age ranges. In this study, we present the largest set of reference data in healthy subjects, examining the effect of both patient variables and vascular anatomy.
MATERIALS AND METHODS Subjects
The study was approved by the University of Illinois at Chicago Institutional Review Board, and informed consent was obtained from all the study participants. The study was conducted under the general guidelines governing ethical research practices and protection of human research subjects in accordance with the code of federal regulations (CFR) Title 45 Part 46 of the US Department of Health and Human Services. From May 2004 to September 2013, 334 healthy subjects were prospectively enrolled. Adults 418 years old, with no history of cerebrovascular disease, were recruited. Patients were screened with regard to a history of cardiac or respiratory problems, stroke or seizures, liver or kidney disease, cancer, brain surgery, diabetes, or untreated hypertension, and excluded if they had any of these conditions or smoked greater than one pack of cigarettes per day. Pregnant women or those with contraindication to MRI were also excluded. Systolic and diastolic blood pressure was recorded before and after imaging; mean arterial pressure (MAP) was calculated and averaged over the two measurements for each patient. Patients (n = 9) were excluded from data analysis if systolic blood pressure averaged ⩾ 160, leaving a total cohort of 325 patients. published, 11, 12 and can be summarized as follows. The major extracranial arteries in the neck were first visualized by two-dimensional MRA time-offlight (TOF) technique (TR/TE, 23 millisecond/4.6 millisecond; flip angle, 60°; FOV, 200 mm; slice thickness, 2 mm; matrix, 256/192; NEX, 1). Then, a three-dimensional MRA TOF of the head was obtained with parameters: TR/TE, 23/3.3 millisecond; flip angle, 20°; FOV, 220 mm; section thickness, 1 mm; matrix, 512 × 256. The MRA TOF images of the head and neck were sent to the Noninvasive Optimal Vessel Analysis software running on a separate workstation to reconstruct a three-dimensional surface-rendering of the vasculature used for automated determination of the double oblique scan plane perpendicular to flow of the vessels of interest. Volume flow measurements based on these planes at each vessel were performed using cardiac-gated phase contrast MR angiography (TR, 10 to 15 millisecond; TE, 4 to 7 millisecond; flip angle, 15°; NEX, 4; slice thickness, 3 mm for intracranial arteries and 5 mm for neck arteries; FOV, 140 mm for intracranial arteries and 180 mm for neck arteries; matrix, 256 × 192 for intracranial arteries and 256 × 128 for neck arteries). Velocity encoding was automatically verified by the Noninvasive Optimal Vessel Analysis software to ensure that aliasing did not occur for high velocities within the velocity range chosen for phase encoding of individual vessels. The selection of different velocity ranges for different vessels ensured maximum accuracy by using the full phase encoding range for each vessel. Volumetric flow rate (mL/minute) in each artery was processed by the Noninvasive Optimal Vessel Analysis software after phase contrast images had been acquired. The accuracy and precision of the protocol used in this study has been published previously. 12 For all subjects, flows in the major intracranial and cervical arteries were measured in standard locations ( Figure 1 ). These arteries consisted of the left (L) and right (R) common carotid artery, ICA, vertebral artery (VA), proximal middle cerebral artery (MCA), anterior cerebral artery (ACA) proximal pre-communicating segment (A1 segment), posterior cerebral artery (PCA), and BA. Total cerebral blood flow (TCBF) was calculated as the summation of bilateral VAs and ICAs. Given the well-recognized asymmetries in A1 and VA vessels, the sum of A1 and VA flow (designated as TACA and TVA, respectively) was calculated. Starting in June 2006, measurement on the ACA post-communicating segment (A2 segment) was also added to the imaging protocol, and was performed on 192 subjects. Regional flow to the L and R anterior circulation, termed L region (LR) and R region (RR), respectively, were calculated from the summation of ipsilateral MCA, PCA, and A2 flow. Posterior region (PR) flow was calculated from the sum of BA and PCA flows.
Subject vascular anatomy was determined based on the threedimensional maximum intensity projection reconstructed maps of the TOF images. The A1 segment was designated as hypoplastic if measuring o15 mL/minute in flow. The PCA was designated as fetal if the P1 segment was absent/nonvisualized; the posterior communicating artery (PCoA) was designated as absent if not visualized or measurable.
Statistical Analysis
Quantitative volume flow rates are expressed as means ± s.d. Outliers were discarded if the data value was less than first quartile minus 1.5 times interquartile range or more than third quartile plus 1.5 times interquartile range. Sample normal distribution of each age group was identified by normal probability plot or Shapiro-Wilk test. Mean volumetric flow r ate values were calculated for each artery, TCBF, LR, RR, and PR; TCBF was examined relative to age using local regression models to identify appropriate age groupings.
Linear regression analysis was performed to assess the age and gender dependence of TCBF, LR, RR, and PR. One-way analysis of variance was used to estimate the significance of difference in flow among age groups. Similarly, the effect of race, gender, and MAP was examined. For paired vessels (MCA, A1 segment, A2 segment, PCA, VA), comparison of L and R flows were performed with paired t-test. T-test was performed to examine the differences in flows in the BA and ICAs relative to anatomic variations (fetal PCA, absent PCoA, and hypolastic A1 segment). All data analyses were performed using the statistical software package SAS (version 9.2, SAS Institute, Cary, NC, USA).
RESULTS

Subject Characteristics
The characteristics of the study subjects are outlined in Table 1 . Subjects ranged in age from 18 to 84 years old (mean age 48), with 157 (48%) females, and a mean MAP of 93 mm Hg. The majority of the cohort were White with smaller groups of Asian, Black, and Hispanic subjects, respectively. (21) 28 (23) 26 (20) 18 (25) Black 32 (10) 12 (10) 20 (15) 0 (0) Hispanic 12 (4) 8 (7) 3 (2) 1 ( Vessel Flow Rates and Age Total CBF declined with age (P o0.001) from 749 ± 115 mL/minute in the youngest decades (age 18 to 40 years) to 656 ± 103 mL/ minute in the oldest decades (460 years old), representing an average 2.6 mL/minute per year drop in a linear regression model ( Figure 2A ). However, examining the flow in a local regression model supported three distinct age groupings, with a relative plateau in flows in the mid-decades, from age 40 to 60 years ( Figure 2B ). On the basis of this observation, flows were categorized into three groups for ages 18 to 40, 41 to 60, and 460 years old (Table 2) , and demonstrated a significant difference in individual vessel, and total, flows among the age groupings. A2, ACA post-communicating segment; ACA, anterior cerebral artery; BA, basilar artery; CCA, common carotid artery; CV, coefficient of variation; ICA, internal carotid artery; L, left; MCA, middle cerebral artery; n, sample size (reflects exclusion of outliers); PCA, posterior cerebral artery; PR, posterior region; R, right; T, total; TCBF, total cerebral blood flow; VA, vertebral artery; y.o., years old. Flow rates in mL/minute ± 1 s.d. in the major cerebral vessels. *P-value for differences between age groups. o., years old. Indices: individual vessel flows in mL/minute per total cerebral blood flow (TCBF) in mL/minute. *P-value for differences between age groups.
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Although age grouping provide more accurate age-relevant reference ranges for vessel flow, variability as reflected in the coefficient of variation (CV) remains high (Table 2) , making their use as reference values less practical. To adjust for the flow variability introduced by the effect of age, individual vessel flows were indexed to TCBF. In so doing, TCBF-adjusted flow indices were generated for each major cerebral vessel, which were largely effective in neutralizing the age effect and reducing the CV within the reference ranges (Table 3 ). This allows designation of normative percentiles thresholds for vessel-specific flow index, irrespective of a subject's age (Supplementary Table) .
Vessel Flow Rates and Systemic Variables On univariate analysis, TCBF did not demonstrate any relationship relative to sex or race, but was negatively associated with MAP (P o 0.01). However, on multivariate analysis adjusting for age, flow was not found to be significantly altered through the MAP range (P = 0.37).
Vessel Flow Rates and Vascular Anatomy
For paired vessels, only the LMCA and LPCA demonstrated significantly higher flows than their R-sided counterpart (Po 0.01). Vessels proximal to the Circle of Willis, namely the ICAs and BA were examined relative to anatomic variants within the Circle: fetal PCA, hypoplastic/absent PCoA, and hypoplastic/absent A1 segment of the ACA. Flows relative to these anatomic variants are summarized in Table 4 . Although BA flow in the overall cohort averaged 138 ± 41 mL/minute, flow was significantly decreased in subjects with one or both fetal PCAs (84 ± 27 mL/minute) compared with those with no PCoAs (156 ± 31 mL/minute; P o 0.01; Figure 3A) . Similarly, ICA flows were affected by PCoA and PCA anatomy ( Figure 3B ), being significantly higher on the side of a fetal PCA (278 ± 55 mL/minute) compared with on the side of an absent PCoA (248 ± 50 mL/minute; P o0.01). The ICA flow was also impacted by the A1 segment anatomy; flow was significantly decreased in the setting of an ipsilateral absent or hypoplastic A1 segment at 194 ± 49 mL/minute compared with 258 ± 50 mL/ minute (P o0.01) in the setting of a normal A1 ( Figure 3C ).
The variability introduced by these anatomic variations is evident in the wider CVs for some of the proximal vessels (VAs: 34% to 38%; BA: 30%) as compared with the more distal terminal vessels (MCA: 18% to 19%, A2s: 21% to 25% and PCA: 21% to 22%; Table 2 ). These relative differentials persist even when considering flow indices rather than absolute flow in these individual vessels (Table 3) . Variability is reduced most by examining flow indices in regional flow reflecting the posterior circulation as a whole (PR:15%) or hemispheric flow (LR and RR: 8%).
DISCUSSION
The feasibility of blood flow measurements in individual cerebral vessels using phase contrast QMRA has been previously well demonstrated. 13, 14 Such information can be of significant clinical benefit in evaluating disease states affecting the cerebral vasculature, such as atherosclerotic occlusive disease, moyamoya, and arteriovenous malformations. 2, [15] [16] [17] [18] However, paramount to interpreting flow information in disease states is the understanding of A1, anterior cerebral artery proximal pre-communicating segment; BA, basilar artery; ICA, internal carotid artery; n, sample size (reflects exclusion of outliers); PCA, posterior cerebral artery; PCoA, posterior communicating artery; y.o., years old. Flow rates in mL/minute ± 1 s.d. Indices: individual vessel flows in mL/ minute per total cerebral blood flow (TCBF) in mL/minute. P-value for differences between age groups. Age and vascular anatomy affect cerebral flow S Amin-Hanjani et al normal cerebral vessel flows in the absence of cerebrovascular disease. In this study, we have measured major cerebral vessel flows in the largest cohort to date of healthy individuals spanning a broad adult age range, and have affirmed the effects of age and vascular anatomy on vessel flows. In addition, we have been able to demonstrate strategies to mitigate these effects, which serve as sources of variability in flow measurement: individual vessel flows can be indexed to TCBF to neutralize the effect of age, and vessels distal to the Circle of Willis or regional can be examined to lessen the impact of vascular anatomic variants on more proximal vessel flows. The data presented provide a robust data set to establish normative reference values for eventual comparison with cerebrovascular disease states. The association we found between decreasing flow with age is comparable to prior reports. 8, 10, [19] [20] [21] Our data demonstrate an average overall 2.6 mL/minute per year change in flow, very similar to the 3.1 mL/minute per year decrease in total volume flow reported by Hendrikse et al 10 in their analysis of 208 patients with mean age of 60 (range 29 to 79). In their study, total volume flow was calculated on the basis of the sum of ICA and BA flow, as opposed to ICA and VA flow. Similarly, Buijs et al 8 calculated flow on the basis of ICA and BA flow in 250 patients ranging from 19 to 89 years old, and described a slightly higher 4.8 mL/minute per year average flow decline. It should be noted that the prior studies included not only healthy volunteers, but also patients with risk factors for atherosclerosis, which could potentially alter total flows, especially in the older age groups, and exaggerate the flow decline observed. Total cerebral flows averaged in the 610 to 620 mL/minute range in these prior studies with comparable sample size, 8, 10 lower than the average TCBF of 698 mL/minute in our series; this can be attributed primarily to the use of VA rather than BA flow in calculating TCBF in our series, given that the BA flow (which was measured proximal to the origin of the superior cerebellar arteries in prior studies) only includes a portion of the cerebellar flow. However, average ICA flows across the studies are very similar, in the 240 to 260 mL/minute range, despite different populations at different centers, providing further validation of the consistency of cerebral vessel flow measurement with QMRA phase contrast technique. A larger study of 892 elderly subjects (not limited to healthy volunteers) with a mean age of 67.5 years old (range 60 to 92), not surprisingly, found lower TCBF and ICA flow values 22 averaging~500 mL/minute and 200 mL/minute, respectively.
Gender differences in CBF have been reported by some, 21, 22 whereas none have been found by others. 8, 20, 23 We did not detect a significant difference in flows between males and females, nor by race, although evaluation is limited by the small sample size in the various racial groups.
Our study is the first to have explicitly measured and examined the effects of blood pressure on measured flows. When adjusted for age, MAP was not found to affect vessel flows, consistent with the concepts of cerebral autoregulation. However, given these subjects were healthy volunteers, screened to avoid hypertensive history, the effect of chronic hypertension or extremes of blood pressure on cerebral vessel flow cannot be adequately evaluated in our cohort. Towards the edges of the physiologic autoregulatory curve, or in the setting of impaired autoregulation seen in chronic ischemic states, it might be expected for the vessel flow to change in response to blood pressure variations.
The effects we observed of fetal PCA and hypoplastic A1 anatomic variants on ICA and BA flow have also been evident in prior studies. 9, 10 As in our cohort, both Hendrikse et al 10 and Tanaka et al 9 found a decreased ICA flow ipsilateral to a hypolastic A1, and elevated ICA flows contralateral because of the necessity to supply both ACA territories. Similarly in those studies, BA flow was found to be significantly reduced and ICA flow significantly increased in the setting of fetal PCAs. Such variants affected 17% of our cohort, and up to 25% of individuals may harbor such anatomic variants. 24, 25 Thus, recognition of the impact of these variants in the Circle of Willis is critical to the interpretation of flow measured in the proximal intracranial vessels. We have additionally demonstrated in our cohort the reduction of variability in the more distal vessels, the MCA, A2, and PCA, by comparison, and in regional flows focused on hemispheric or posterior circulations. Regional flows provide the advantage of providing the full territorial flow to a hemisphere or region, incorporating both primary (Willisian) and secondary (leptomeningeal) collaterals. In cerebrovascular occlusive disease, where collateral flow can compensate for flow reduction in an occluded or stenotic vessel, 26 regional flow may provide a more accurate and robust indication of overall flow compromise. Such interpretations would be limited, however, in conditions with blood supply from unmeasured sources, such as dural collaterals, e.g., moyamoya disease.
With our data we have also demonstrated that indexing a specific vessel flow to TCBF will largely adjust for the age effect otherwise encountered. This reflects the finding that the reduction in TCBF, which occurs with age is uniformly distributed across all vessels in healthy subjects, and thus the relative contribution of each vessel studied remains constant despite the increasing age. Care must be taken, however, in extrapolating reference values for vessel flow indices in cerebrovascular disease states, as the TCBF to which the flow is indexed could itself be altered by the disease, thus skewing the index towards normalcy. The utility of vessel indices as reference values for cerebrovascular disease will need to be further examined in future studies.
Limitations of our study include the lack of anatomic brain imaging suitable for determination of brain volumes. Thus, although the reduction in blood flow with age is presumed to be related to brain atrophy, we are not able to provide direct confirmation of this relationship. Furthermore, we similarly cannot definitively exclude the existence of potential asymptomatic vascular malformations, brain lesions, or infarcts, which may influence CBF, although the limited assessment of brain parenchyma visualized from the TOF source imaging did not grossly reveal such abnormalities. Furthermore, the study criteria were aimed at the recruitment of healthy subjects without major risk factors for, or existing, cerebrovascular disease. The possibility of other conditions, which could theoretically impact blood flow such as migraine history, however, cannot be excluded. Our data also represents a single center cohort, lacking the additional validation of a multi-site study; however, our flow data have consistency with flow rates measured in comparable vessels using QMRA techniques in other published series, 8, 10 supporting the generalizability of our results.
CONCLUSION
In conclusion, we have demonstrated that volume flow rates in all major cerebral arteries can be obtained noninvasively using QMRA, and are influenced by age and vascular anatomy. The data represent the largest set of reference values for a comprehensive set of cerebral vessels in healthy subjects across a clinically useful age range. Knowledge of the expected normal vessel flows, incorporating patient-specific age and accounting for anatomy, are critical to interpreting the hemodynamic effects of cerebrovascular disease states.
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